Since the discovery of leptin our understanding of central mechanisms in the brain governing appetite and energy expenditure has increased markedly. This includes the cross-talk between the brain and periphery in order to maintain the optimal balance of metabolisable fuels to meet physiological requirements. The identification of many of the key hormones and neuropeptides involved in appetite and energy balance regulation, such as neuropeptide Y (NPY), leptin and melanocortin, has occurred only relatively recently. Nevertheless long before the discovery of these neuropeptides and hormones, thyroid hormone was known to alter metabolic rate [1, 2] and has been used in various forms to reduce weight since the 1940s [3] . Despite the fact that thyroid hormone was one of the earliest known hormones to affect body weight, little is known about how thyroid hormone acts in the brain to regulate appetite and energy expenditure. The role of thyroid hormone in the regulation of body weight is best illustrated in patients with thyroid dysfunction resulting in conditions of hypothyroidism or hyperthyroidism. In patients with hypothyroidism, individual body weight can be increased by as much as 30% relative to the euthyroid state. On the other hand, hyperthyroidism can lead to decreased body weight by up to 15%. Although much of the weight loss or gain can be attributed to the role of thyroid hormones in affecting metabolic rate, a percentage in each group do not respond to the establishment of the euthyroid state. This may be indicative of additional roles or mechanisms for thyroid hormones in regulating appetite and energy expenditure [3] [4] [5] .
. The hypothalamo-pituitary-thyroid axis and feedback mechanisms. A Thyroid hormone production is controlled by thyrotropin-releasing hormone (TRH) produced by cell groups of the paraventricular nucleus (PVN) of the hypothalamus. The TRH neurons project to the median eminence where TRH crosses the fenestrated capillaries of the portal system for direct transport to the anterior pituitary gland. Here TRH induces secretion of thyroid stimulating hormone (TSH). TSH is released in the blood stream and stimulates thyroid hormone production in the thyroid gland. The thyroid gland releases thyroxine (T4), the dominant form of thyroid hormone in the circulation, which is converted to the bioactive form T3 by deiodinase enzymes (see fig. 2 ) in a tissue specific manner. B Thyroid hormones (T3/T4) that travel in the blood can re-enter the hypothalamus and feed back on the PVN and TRH production. T4 enters the brain via the blood-brain barrier as well as through the cerebrospinal fluid. It is transported via tanycytes lining the third ventricle (3V) and astrocytes (Ast) in median eminence and arcuate nucleus. Expression of type 2 deiodinase in these cells converts T4 to bioactive T3. Transported to the arcuate nucleus it can stimulate the activity of neuropeptide Y (NPY)/agouti-related protein (AgRP) neurons which in turn inhibit TRH production and increase appetite. Under fasting conditions this mechanism promotes increased feeding activity together with decreased peripheral energy expenditure. AgRP blocks the anorexigenic effect of α-melanocyte-stimulating hormone (α-MSH) from pro-opiomelanocortin (POMC) / cocaine-amphetamine-regulated transcript (CART) neurons, the second important cell group in the arcuate nucleus. When activated α-MSH decreases food intake stimulates TRH neurons to increase TRH production, consequently rising thyroid hormone levels to raise peripheral energy expenditure. T3 might also act elsewhere in the hypothalamus such as VMN. Such interactions may form an integrated network involving thyroid hormone to regulate food intake and energy expenditure.
Adaptive Thermogenesis -Thyroid Hormone Regulated Energy Expenditure in the Periphery
The role of thyroid hormones in thermogenic responses resulting in energy expenditure has been reviewed elsewhere [6] [7] [8] , but for an overall picture of thyroid hormones in appetite and energy balance, a brief outline is given here. During the process of generating ATP by oxidative phosphorylation through the Krebs cycle, a proton gradient is established across the inner mitochondrial membrane. However, a proportion of the proton gradient leaks through uncoupling proteins, which leads to the generation of heat. Although, essentially a by-product of aerobic respiration, heat generated in this way maintains an environment for proper functioning of biochemical processes. The minimum energy required to enable body metabolism at rest is known as the basal metabolic rate and the heat produced as a consequence of the basal metabolic rate termed obligatory thermogenesis. Additional heat production is generated as result of eating a meal or a drop in ambient temperature below thermoneutral. These challenges to energy balance increase sympathetic drive to the periphery, where in selected tissues, such as brown adipose tissue in rodents or muscle in either rodents or humans, it leads to increased heat production. This increase in metabolic rate and consequential heat production is known as adaptive thermogenesis.
Pituitary
Thyroid Gland stimulation of thyroid stimulating hormone (TSH) synthesis and release by the pituitary and in turn to the synthesis and release of thyroxine (T4) by the thyroid gland ( fig. 1 ). Small perturbations in peripheral thyroid hormone concentrations feed back to the PVN to initiate a compensatory increase or decrease in TRH synthesis [15] maintaining tight control over T4 and T3 levels. The predominant bioactive form of thyroid hormone is T3, which is derived from T4 by the action of deiodinase enzymes. Although global plasma levels of T3 remain fairly constant, localised changes in T3 concentration are possible and occur through local regulation of deiodinase enzymes. Three deiodinase enzymes exist, each with different roles, and these may be determined by their sub-cellular localisation ( fig. 2 ). Using flag tagged enzymes, Baqui et al. [16] located type 1 deiodinase (D1) at the plasma membrane in transiently transfected HEK293 cells. Although an enzyme with both outer and inner ring deiodination activities which can give rise to both activated (T3) or inactivated (rT3) forms of thyroid hormone from precursor T4, the cellular location of D1 in peripheral tissues suggests that a major function is to contribute to the T3 levels in the plasma [16] . Type 2 deiodinase (D2) catalyses outer ring deiodination [17] and is located in the endoplasmic reticulum [16] a favourable location for accessing the nuclear compartment and providing T3 for thyroid hormone receptor activation. Consequently, localised increases in D2 expression can increase the amount of T3 in specific cells and provide cell-specific regulation of gene transcription by T3. Type 3 deiodinase (D3) catalyses inner ring deiodination, resulting in inactivation of T3 to T2 or conversion of T4 to rT3. D3 is located at the plasma membrane, acting to prevent entry of T4 for subsequent conversion or to catabolise active T3 to reduce activation of thyroid hormone receptors [18] . Deiodinases as well as the thyroid hormone receptors are located intracellularly. Therefore, the action and metabolism of thyroid hormones require transport across cell membranes via specific transporters [19, 20] . Uptake of thyroid hormones by the central nervous system involves at least two types of transporters that can carry both T3 and T4. The principal route of T4 entry into the brain is via the blood-brain barrier [21] . Two transporters that are highly specific for thyroid hormones, organic anion transporting polypeptide 1c1 (OATP1C1) and monocarboxylate transporter 8 (MCT8), have been identified [22, 23] . Immunocytochemical localisation studies show OATP1C1 to be present in capillary endothelial cells in the brain where it is likely to shuttle thyroid hormones across the blood-brain barrier and to a lesser extent through the blood-CSF barrier [22] . MCT8, has a greater affinity and transport rate for T3 [24] and is the dominant carrier protein for thyroid hormone in regions of the brain such as the choroid plexus [25] . It is thus more likely to facilitate the transport of T4 and T3 across the blood-CSF barrier. MCT8 co-localises with the neuronal marker NeuN indicating that it is involved in the celThyroid hormone contributes to both obligatory and adaptive thermogenesis [9] . Many studies have pointed towards thyroid hormones as major regulators of mitochondrial function and biogenesis in vivo. In hypothyroid animals mitochondrial gene expression is reduced and can be increased by thyroid hormone administration [10] , which acts on transcription of respiratory enzymes. One of the most prominent effects of thyroid hormones on mitochondria is their influence on uncoupling proteins (UCP) [11] . Members of the UCP family (UCP1, UCP2, UCP3) are responsible for uncoupling fuel oxidation from ATP synthesis in the inner mitochondrial membrane to generate heat. The proteins are widely expressed in different tissues such as deep white abdominal adipose tissue, abdominal organs and muscles as well as in brown adipose tissue in rodents where they also play a crucial role in restoring normothermia after torpor in hibernating species [12] . Thyroid hormone directly stimulates the transcription of UCP genes acting via thyroid hormone receptor binding sites upstream in the 5' flanking region of the gene. Thyroid hormone up-regulates UCP3 in skeletal muscle and heart and increases Krebs cycle fluxes without affecting ATP synthesis, suggesting that UCP3 might be a main factor in the regulation of resting metabolic rate by thyroid hormone, but this is still a matter of contention [13, 14] .
Thyroid Hormone Production and Transport
In a healthy individual or animal, thyroid hormone concentration in plasma is maintained at a relatively stable level. This is due to a finely tuned regulatory feedback system linking thyrotrophin releasing hormone (TRH) synthesis and release in the paraventricular nucleus (PVN) of the hypothalamus to the lular uptake of T3 by target neurons [25, 26] . In view of this critical function, mutations to the MCT8 sequence are likely to have major physiological and behavioural consequences. In support of this, a number of mutations to the human MCT8 sequence are thought to cause of Allan-Herndon-Dudley syndrome [27] , associated with severe forms of psychomotor retardation and imbalanced serum thyroid hormone levels. Interestingly, however, the MCT8-null mouse, which has similar abnormal serum T3 and T4 levels, the former being increased to 205%, the latter being reduced to 60%, does not exhibit major neurological defects. This may be because OATP1C1, or hitherto unknown transporters, can compensate for the decreased T3 uptake to the CNS in these mice, as T4 uptake is unaltered and local T3 formation due to increased D2 and decreased D3 activity seems to largely compensate for this deficiency [28] . It remains to be established whether this interpretation is correct. Taken together, it would seem that thyroid hormone accessibility to the brain is mainly achieved by transport of T4 via OATP1C1 and T3 via MCT8. Uptake and storage of T4 by tanycytes or astrocytes provides a local source of substrate for D2, expressed in tanycytes, to convert into T3 when required. Active T3 then enters target neurons via MCT8 membrane transporters [25] where T3 actions are mediated by thyroid hormone receptors.
Hypothalamic Distribution of Thyroid Hormone Receptors
Once transported into neurons, T3 can interact with one of three functional thyroid hormone receptors belonging to the α or β receptor sub-groups (TRα or TRβ). Two separate genes, TRα and TRβ, encode 7 identified receptors. Through alternative splicing, three isoforms of TRα (TRα1, TRα2 and TRα3) and four of TRβ (TRβ1, TRβ2) and recently discovered TRβ3 and TRβΔ3) are generated [26] . Whereas three isoforms of TRβ have T3 binding capacity, only TRα1 is able to bind T3 [27, 28] . Once bound by T3, heterodimers can form with the retinoid X receptor (RXR), leading to TR binding to T3-responsive elements in promoter regions of thyroid hormoneresponsive genes. A T3-liganded receptor can then induce upregulation of target genes with a positive thyroid hormone response element or down-regulate genes with a negative response element [29] . Unliganded thyroid hormone receptors act as aporeceptors that produce the opposing transcriptional effect, an effect that may be exerted via pre-existing protein complexes interacting with the transcriptional machinery [28] . Several studies using either in situ hybridization or immunocytochemsitry have demonstrated widespread distribution of thyroid hormone receptor isoforms in the hypothalamus of several species, including humans [30] [31] [32] [33] [34] . These approaches highlight possible differences between foetal and adult expression patterns and a potential dis-coordination between mRNA expression and the presence of protein for TRβ2 [30, 33, 35] .
Nevertheless, thyroid hormone receptors are widely distributed, including expression of the most significant isoforms in the arcuate nucleus (ARC) and PVN (table 1) . Consistent with the regulatory feedback mechanism for setting the circulating concentrations of thyroid hormone, all functional isoforms of the receptors have been shown to co-localise with TRH in neurons of the PVN [36] , providing a possible link between circulating levels of T4/T3 and regulatory feedback control on TRH expression in this nucleus.
In the brain, thyroid hormone is likely to have many roles given the wide distribution of its transporters and receptors.
Undoubtedly it plays a key role in the development of the brain as either thyroid hormone deficiency or excess leads to developmental abnormalities. Deficiency results in abnormal neuronal migration, dendritic extensions and myelination [37] [38] [39] [40] [41] , which leads to severe neurological problems. In excess, as illustrated in the knockout of type III deiodinase, T3 may cause developmental abnormalities in the brain as well as in the pituitary and thyroid gland [42] , and these findings may underpin the consequences of T3 excess during development on thyroid function and body weight in children born to mothers with thyroid hormone resistance or inadequately regulated Grave's disease [43, 44] . In the adult brain, the role of thyroid hormone is less well understood, but one function where thyroid hormone is being recognised to play a role is appetite and energy balance.
Hypothalamic Regulation of Appetite and Energy Balance
The role of the hypothalamic ARC in appetite and energy balance is well established [45] . Two neuronal populations play pivotal roles in acute regulation of appetite and energy balance; these are the NPY/AgRP neurons and the POMC/ CART neurons. NPY neurons are located in the medial population of ARC neurons adjacent to tanycytes of the third ventricle. NPY has a powerful stimulatory effect on food intake and decreases energy expenditure [46] . Agouti gene-related peptide (AgRP) is co-expressed in the majority of NPY neurons and is another major orexigenic peptide [47, 48] . This peptide acts to block the anorexigenic action of α-melanocytestimulating hormone (α-MSH), a principal product of pro-opiomelanocortin (POMC) precursor peptide. POMC neurons comprise a second influential population of neurons of the ARC. Alpha-MSH, a peptide product of the POMC gene, activates the MC4 receptor [49] at locations such as the PVN, to inhibit food intake [50, 51] . Cocaine-amphetamine-regulated transcript (CART) is a peptide co-expressed with POMC in a majority of POMC neurons and has been demonstrated to have an anorexigenic effect [52] . However, its precise role in appetite and energy balance remains to be firmly established [53] . Transgenic mice expressing fluorescent proteins marking NPY and POMC neurons, coupled with electrophysiological ap- proaches, have identified a network of interactions involving neurons of the ARC, PVN and lateral hypothalamus [45, 54] . Such approaches provide evidence for NPY/AgRP neurons with inhibitory synaptic contacts on POMC neurons in the ARC and MC4 receptor-expressing neurons in the PVN. NPY/AgRP neurons receive stimulatory synaptic inputs from orexin-containing neurons in the lateral hypothalamus, whilst POMC neurons provide stimulatory synaptic input to the PVN. Targeted ablation of NPY or POMC neurons in adult mice through the specific transgenic expression of the diphtheria toxin receptor, provides direct evidence for these neurons in appetite and energy balance regulation [55, 56] . A network of fibres from the ARC innervates the PVN-forming synapses with neurons synthesising TRH. All TRH neurons receive inputs from both NPY/AgRP and POMC neurons [57] , thus providing a link between sensing of peripheral hormonal signals by the ARC-and TRH-synthesising neurons in the PVN. Consequently, these neurons are important targets for regulation by peripheral hormones communicating the metabolic status of the periphery. The location of the ARC, proximal to the median eminence (ME) where the blood-brain barrier is non-existent [58] , allows direct sensitivity to peripheral satiety or appetite-inducing signals such as leptin, ghrelin, glucocorticoids, insulin and thyroid hormones. Under satiety conditions, circulating leptin plays a key role in regulating ARC activity [59] [60] [61] . Synthesised in adipose tissue, leptin may enter the brain via astrocytes in the ARC and ME that have been shown, with the aid of fluorescent tracer dyes, to be accessible from the circulation and to express the leptin receptor as well as NPYY1 receptors [62] . The hormone down-regulates the activity of NPY/AgRP neurons and increases α-MSH expression [63, 64] , thereby decreasing appetite. During fasting counter-regulatory responses are initiated which include a decrease in leptin levels and an increase in serum corticosteroid and ghrelin concentrations, a process that is associated with increased activity of the orexigenic neurons and decreased activity α-MSH neurons; hence increasing feeding once food becomes available. Accordingly, as a consequence of food restriction, thyroid hormone levels fall, reducing energy consumption through adaptive thermogenesis in peripheral tissues.
Hypothalamic Thyroid Hormone
Recently evidence for a more direct involvement of hypothalamic thyroid hormones in the regulation of appetite and energy balance regulation has begun to emerge. The D2 enzyme is expressed in astrocytes of the hypothalamus, yet by far the highest level of expression is found in tanycytes lining the third ventricle. Diano et al. [65] observed that D2 expression and enzyme activity was significantly increased in these tanycytes upon fasting, suggesting that T3 produced by these cells may be involved in the response to acute food shortage. The location of these tanycytes is ideally situated to transmit hormonal signals from the periphery to neurons of the adjacent hypothalamus. Infusion of a D2 inhibitor, iopanoic acid, into the hypothalamic third ventricle of Sprague-Dawley rats prevented a fasting-induced decrease in TRH expression in the PVN, suggesting that D2-containing tanycytes or astrocytes in the ARC locally increase T3 synthesis to facilitate an inhibition of TRH [66] . This in turn would decrease the drive to the pituitary, resulting in lower TSH production and subsequently lower circulating T4 and T3, leading to decreased metabolic rate and thereby conserving energy.
Hormonal Signals Regulating Hypothalamic Thyroid Hormone
Leptin, a signal of adiposity, was shown to reverse the fastinginduced increase in D2 expression in tanycytes in SpragueDawley rats [67] . Adrenalectomy resulted in the abolition of a fasting-induced increase in corticosterone and prevented the fasting-induced increase of D2 in tanycytes. The fasting response could be re-established by exogenous corticosterone. As leptin administration reduces the fasting-induced rise in corticosterone, the proposed mechanism of leptin action is via a reduction in circulating corticosterone. However, Coppola et al. [67] also observed that leptin reduced D2 activity in rats receiving an exogenous supply of corticosterone. This suggests that although a reduction in corticosterone may be involved in mediating leptin's action, this explanation may not be the whole answer. In this circumstance, leptin is unlikely to be mediating its action directly, as tanycytes in adult rats do not express leptin receptors [68] . However, leptin receptors are expressed in astrocytes of the ARC and therefore a possible explanation may be that leptin regulates these astrocytes to affect a leptin-induced decrease of D2 in tanycytes by an indirect mechanism. It is interesting to note however that, although leptin receptors are not found in tanycytes of the adult brain, they are found on these cells during embryonic development and up to at least postnatal day 3, potentially implicating leptin in the development or maturation of the these cells concordant with the maturation of the ARC-PVN projections following a leptin surge at postnatal day 10 [69] .
The link between fasting-induced increase of D2 expression in tanycytes and increased expression of NPY in the ARC was revealed recently in a series of experiments by Coppola et al. [70] who also connected the known regulatory role of T3 in UCP expression with the elevation of NPY in the ARC. In this study it was demonstrated using mice expressing GFP in NPY neurons that the end feet of tanycytes expressing D2 make contact with ARC NPY neurons ( fig. 1B) . T3 administered to hypothyroid mice elevated UCP2 expression in the ARC suggesting that localised T3 production by D2 in tanycytes may serve to elevate UCP2 expression. Fasting induced an increase in mitochondrial density, and this effect is abolished in UCP2-null mice. A fasting-induced increase in food intake is also suppressed in UCP2-null mice, illustrating the importance of the mitochondrial response to fasting for a manifestation of the hunger response. To add further weight of evidence, D2-null mice have reduced food intake, which could be restored with exogenous T3. Concomitant with this latter response, fasted D2-null mice show no elevation in expression of NPY. Although tanycytes have been shown to contact gonadotropin-releasing hormone (GnRH) neurons in regions of the ME [71, 72] , the tanycyte-NPY neuron interaction is the first report of a specific interaction in the ARC. Interestingly in quail, thyroid hormone functions to alter the interaction between tanycyte end feet and the GnRH neurons to regulate GnRH release [72] . Perhaps there is a parallel in the potential role of leptin and other hormones to alter the plasticity of neuronal interactions in the regulation of hypothalamic circuits involved in appetite and energy balance regulation [54] . It is tempting to speculate that in addition to the regulation of UCP2 expression, thyroid hormone may also regulate either the tanycyte-NPY interaction or the plasticity of other neuronal interactions. In addition to the ARC, T3 may have a role in the ventromedial nucleus (VMN) in appetite regulation as administration of T3 directly into this hypothalamic nucleus stimulates food intake [73] . The VMN is known to have an inhibitory role in appetite, which may be relayed through a VMN to ARC circuit involving a stimulation of POMC neurons [74] . T3 may therefore serve to inhibit this pathway to increase food intake. TRH administered intracerebroventricularly to the third ventricle of rats has been shown to have an anorectic effect [75] , suggesting an action of TRH in the brain in regulating food intake. This anorectic action of TRH may at least in part be mediated by the neurotransmitter histamine, as implicated in two studies where i) intracerebroventricular TRH stimulated histamine synthesis in the tuberomammillary nucleus with increased histamine release at the PVN [76] and ii) food intake induced by intracerebroventricular TRH administration is abrogated in histamine H1 receptor-null mice [77] . This provides evidence that the anorectic effect of TRH, and by implication a reduction in local hypothalamic T3 levels, may be more complex than first appears and involves tuberomammillary histaminergic regulation.
Relevance of Thyroid Hormone Receptors to Energy Balance
Thyroid hormone receptors have been demonstrated in the ARC which in turn projects to several hypothalamic areas, including the VMN, dorsomedial nucleus, lateral hypothalamic area and the PVN [63] . The presence of thyroid hormone receptors in this nucleus adjacent to the ependymal layer of the third ventricle in which there is a high level of expression of the transporter MCT8 is ideally placed to be a recipient of T3 transported through this layer and thus influence energy balance mechanisms directly (e.g. NPY expression as highlighted above) or indirectly through networks which incorporate the ARC neurons. However, the presence of thyroid hormone receptors in many of the other hypothalamic nuclei involved in energy balance leaves open the possibility that thyroid hormone may exert a direct influence on more than one aspect of the regulatory mechanisms in appetite and energy balance regulation. Other than co-localisation with TRH in neurons of the PVN, there is a dearth of information regarding the phenotype of thyroid hormone receptor-expressing neurons. One study on human post-mortem hypothalamic tissue, was unable to co-localise thyroid hormone receptors with NPY-and showed only scant localisation with POMC-expressing neurons [32] . The use of mutant mice bearing targeted knockouts of one or both groups of thyroid hormone receptors or mice with specific mutations in a receptor have demonstrated the critical involvement of T3 through thyroid hormone receptor action in energy balance. These include an essential role mediated through actions in the periphery, for example TRα action in brown adipose tissue on thermogenesis and TRβ action in the liver on cholesterol metabolism [78, 79] . The impact on central mechanisms is demonstrated in a mouse model bearing either a TRβ2 receptor knockout or a total deletion of both TRβ isoforms, where these mutations fail to relay the inhibitory feedback control of T3 on TRH expression, but does not affect the leptin-induced suppression [80, 81] . TRα involvement in metabolic regulation through actions in the brain is illustrated in a transgenic mouse with TRα1 engineered to have a low affinity for T3 and which is essentially an unliganded receptor at physiological circulating T3 concentrations. This mouse is hypermetabolic, shows much reduced fat depots, hyperphagia and resistance to diet-induced obesity. These effects were shown to be reversed by exogenous T3 administration or crossing mice with a TRβ-null mouse that have elevated serum T3 as a consequence of this mutation. Subsequent metabolic challenges and analysis of gene expression in brown adipose tissue in the TRα mutant mice provided evidence of a central action of the unliganded receptor to increase sympathetic outflow [77] . The site(s) where TRα mediates these effects remains to be determined. Fasting conditions can occur seasonally for many free-living species, and hypothalamic T3 availability has been shown to be involved in adaptation to reduced food availability [34, [82] [83] [84] [85] . Driven by photoperiodic changes and/or an endogenous clock, seasonal mammals often undergo profound physiological changes well in advance of the critical period of the year, as part of an energy-saving strategy. Differential deiodinase regulation and consequently T3 availability have been demonstrated to be crucial in seasonal physiology of reproduction [82] [83] [84] [85] as well as body weight [34] . Induced by decreasing day length, the Siberian hamster (Phodopus sungorus) ceases reproduction and displays a profound reduction in food intake and body weight. An increase in D3 expression in the ependymal layer of the third ventricle and hence a decrease of hypothalamic T3, was shown to be crucial for seasonal changes in both reproductive activity and energy balance. These changes could be blocked by exogenous central T3 release [34] . In addition to the prevention of weight loss, the T3 implants also prevented typical short-day-induced changes in gene expression (P. Barrett et al. unpublished), implying that T3 might act directly on the transcription of genes involved in homeostatic mechanisms. Recently, another member of the thyroid hormone family, 3-iodothyronamine, has been linked to the balance between glucose and lipid [86] . The decarboxylated and deiodinated metabolite of T3 and T4 blocked carbohydrate utilisation, and metabolic pathways were re-routed from carbohydrate to lipid utilisation in response to 3-iodothyronamine. Moreover, it induced hypothermia in Siberian hamsters and mice, suggesting that it might be one of the factors that are necessary for torpor, a controlled decrease of body temperature that occurs seasonally and/or in times of energy shortage.
The Thyroid Hormone as a Potential Target of Energy Balance Manipulation
Thyroid hormones are an important component in appetite regulation and energy balance, in the periphery as well as in central structures. Acute metabolic challenges and photoperiodic manipulation of long-term energy requirements demonstrate a role for hypothalamic thyroid hormone in both shortterm and long-term regulation of energy balance mechanisms. Thyroid hormone regulation of mitochondrial functions, particularly regulation of uncoupling proteins, may be the common link between regulation of metabolism in peripheral tissues and sensing of energy deficit by homeostatic regulatory mechanisms in the hypothalamus. In this new role for thyroid hormone in the hypothalamus, tanycytes of the ependymal layer surrounding the third ventricle assume a new level of importance. Although the thyroid hormone system seems an obvious target for pharmaceutical interventions to manipulate energy balance mechanisms in the quest to reduce adiposity, the ubiquitous expression of thyroid hormone receptors negates this as a practical approach to alter energy balance. However, tanycyte function regulating T4 transport or conversion may prove to be an accessible target in the future. Animal models have provided the foundation for progress toward our understanding of the role of thyroid hormone in the hypothalamus. So how relevant will this be to the human situation? Recent studies in humans would indicate that animal models will be relevant as the components of thyroid systems show similar distribution in either tanycytes (D2 and MCT8), thyroid hormone receptors (wide hypothalamic distribution) and the presence of D3 and MCT8 in neurons [32] .
Other products of thyroid hormone metabolism have yet to be explored in depth in relation to mechanism of energy balance, but it seems likely that there are many more facets to discover about this system that may be exploitable to regulate appetite and energy balance.
